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Impaired coronary endothelial function in a rat model of spon- Increased urinary albumin excretion (UAE) has been
taneous albuminuria. shown to be a strong risk factor for coronary artery dis-
Background. Albuminuria is an independent risk factor of ease, independent of blood pressure, diabetes, age, sex
coronary artery disease and has been proposed to reflect a gen-
and other conventional atherosclerotic risk factors [1, 2].eral endothelial disorder. The Munich Wistar Fro¨mter (MWF)
Vascular pathology and underlying mechanisms relatedrat strain develops spontaneous albuminuria and, therefore,
may be an interesting experimental model to study alterations to albuminuria are largely unknown. It has been hypoth-
of endothelial function under conditions of increased albumin- esized that increased UAE may be related to a general-
uria. Our aim was to investigate if the MWF strain shows gen- ized, systemic dysfunction of vascular endothelium [3, 4].
eralized endothelial dysfunction or endothelial dysfunction lo-
Since endothelial dysfunction may thus be a crucial linkcalized to the coronary vascular bed, and if so, determine which
between raised UAE and increased cardiovascular riskendothelial dilative mediators are involved.
[5], it appears of significant importance to (specifically)Methods. Coronary and mesenteric arteries were investigated
for endothelium-dependent relaxation and the contribution assess differential alterations in vascular endothelial func-
of prostacyclin, nitric oxide (NO) and endothelium-dependent tion in target arteries—such as the coronary artery—as
hyperpolarization (EDH) in MWF rats compared to normal compared to other peripheral arteries—such as mesen-Wistar rats. In addition, as MWF rats show increased blood pres-
teric arteries—under conditions of increased albuminuria.sure, spontaneously hypertensive rats (SHR) with similar hyper-
To study this experimentally, first the model of albu-tension but without increased albuminuria also were studied.
Results. Maximal total endothelium-dependent relaxation of minuria has to be considered. Common experimental
coronary arteries was strongly impaired in MWF rats (55 3%) methods to induce albuminuria such as treatment with
compared to Wistar (89  5%) and SHR (89  2%) P  adriamycin, streptozotocin-induced diabetes, or renal
0.05, respectively. The NO-mediated relaxation as well as the
ablation in rats, (all) have the disadvantages that theyrelaxation mediated by EDH were significantly lower in coro-
are rather toxic and artificial. Hence, direct effects of thenary arteries from MWF compared to Wistar. In mesenteric ar-
toxic substances or effects through hormonal activationteries of MWF the endothelium-dependent relaxation was intact.
Conclusions. The strong impairment of coronary endothe- after renal ablation on the vasculature cannot be ruled
lium-dependent relaxation in the MWF model of spontaneous out. To overcome this hurdle, employment of models of
albuminuria may be due to defects in production or activity of spontaneous albuminuria are preferred. In this respect,NO and EDH. The intact mesenteric endothelium-dependent
the Munich Wistar Fro¨mter (MWF) is a potentially inter-relaxation suggests that increased albuminuria may not be re-
esting strain, since albuminuria in these rats developslated to generalized endothelial vasodilator dysfunction in this
model. Selective impairment of coronary endothelial function in spontaneously [6–12]. To our knowledge endothelial dil-
a setting of spontaneous albuminuria may be a feature of the atory functions have never been assessed in a rat model
MWF that may be employed to further study cause–effect of spontaneous albuminuria. Although MWF rats addi-
relations between albuminuria and coronary artery disease.
tionally develop spontaneous hypertension [13], the de-
velopment of albuminuria appears to be independent of
the increase in blood pressure [14]. Nevertheless, it shouldKey words: endothelium-dependent relaxation, albuminuria, coronary
arteries, mesenteric arteries, nitric oxide, cell hyperpolarization. be taken into account that hypertension per se also may
affect vascular endothelial function.Received for publication October 15, 2001
Secondly, the heterogeneity in which different endo-and in revised form February 25, 2002
Accepted for publication February 27, 2002 thelium-derived substances normally contribute to endo-
thelium-dependent relaxation in different vascular beds 2002 by the International Society of Nephrology
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has to be considered when studying endothelial function on three consecutive days. Each session included three
sets of two measurements, so that a total of 18 measure-in the above pathophysiological setting. Normally, the
endothelium maintains a delicate balance of vasocon- ments were used for the determination of the SBP of
each rat.strictive and vasodilative substances to control vascular
tone [15]. Endothelial dysfunction resulting from an im- After completion of the blood pressure measurements
animals were placed in metabolic cages for one day forbalance of such mediators may be reflected and assessed
as the impaired endothelium-dependent response to ace- adaptation. The following day 24-hour urine samples
were collected for determination of urinary albumin ex-tylcholine (ACh) [16]. In general, endothelial mediators
regarded to be potentially involved in endothelium- cretion (UAE), measured by enzyme-linked immunosor-
bent assay (ELISA) using a rat specific antibody (ICNdependent relaxation include endothelium-derived pros-
taglandins, nitric oxide (NO), and a factor (or factors) Biomedicals, Eschwege, Germany). At 24 weeks of age
these rats were anesthetized (1.5% isofluran in N2O/O2)independent of prostaglandins and NO leading to endo-
thelium-dependent hyperpolarization (EDH) of the un- and weighed. Intestines and hearts were removed, and
hearts were weighed and placed in dissecting dishes con-derlying smooth muscle cells. Hence, the term endothe-
lium-derived hyperpolarizing factor (EDHF) has been taining cold Krebs solution.
coined [17]. The contribution/activity of individual me-
Preparation of coronary and mesenteric arteriesdiators in the above response may normally differ de-
pending on vessel size [18] and origin [19], and addition- Third-order branches of the superior mesenteric artery
were isolated from surrounding perivascular tissue. Theally may be altered in pathophysiological conditions
[20, 21]. Their actual importance/activity may be func- right ventricle of the heart was incised and segments of
the middle part of the septal artery—which arises fromtionally dissected using well-defined inhibitors and/or
conditions that interfere with the activity of these media- the right coronary artery (45% of the cases) or the left
coronary artery (55% of the cases) [23]—were preparedtors in the above assessments.
The present study investigated endothelium-depen- free in cold Krebs solution. Different subsets of artery
segments were used for determination of morphologicaldent and -independent relaxation in isolated arteries of
MWF rats with increased albuminuria. To this end, both vessel characteristics and assessment of relaxation re-
sponses, respectively.coronary and mesenteric arteries were studied to further
dissect endothelial dysfunction in terms of generalized
Experimental set-upversus coronary vascular bed-specific alterations. In ad-
dition, responses were studied in the absence and pres- Artery segments were transferred to an arteriograph
system for pressurized arteries [24] (Living System In-ence of inhibitors to examine endothelial dysfunction fur-
ther in terms of impaired activity of one or more of the strumentation, Burlington, VT, USA). Arteries were can-
nulated at both ends on glass micropipettes, secured,above endothelial mediators. Because MWF rats also de-
velop spontaneous hypertension, we additionally investi- and the lumen of the vessel was filled with Krebs solution
through the micropipettes. The intraluminal pressuregated age-matched SHR, which show a similar develop-
ment of hypertension without increased UAE [14, 22]. was set to 70 mm Hg and was held constant (without
flow) by a pressure servo system (Living System Instru-
mentation). The vessel chamber was continuously recir-
METHODS
culated with warmed (37C) and oxygenated (5% CO2
Experimental animal models in O2) Krebs with a pH of 7.4. The vessel chamber was
transferred to the stage of an inverted light microscopeMWF/Fub rats were obtained from our colony at Freie
Universita¨t Berlin, Benjamin Franklin Hospital, Ger- with a video camera attached to a viewing tube. The
video dimension analyzer (Living System Instrumenta-many [13]. The MWF strain has originally been described
elsewhere [6, 7]. Normotensive Wistar rats and SHR tion) was used to analyze the signal obtained from the
video image and to continuously register lumen diameterwere obtained from M&B (Bomholtvej, Denmark). Ani-
mals were housed at our animal facility at the Forschungs- and wall thickness.
einrichtung fu¨r Experimentelle Medizin (FEM) and were
In vitro studiesstudied in compliance with institutional and legislatory
regulations. Vessel characteristics. Morphological vessel character-
istics in absence of any spontaneous tone developmentSystolic blood pressure (SBP) was measured at the
age of 18 weeks in awake animals by the tail-cuff method were determined in artery segments studied in calcium-
free Krebs solution supplemented with 2 mmol/L egtazicusing a computer assisted oscillatory detection device
(TSE, Bad Homburg, Germany). Briefly, training ses- acid (EGTA). After equilibration, the artery’s lumen
diameter and wall thickness were assessed and used forsions were carried out for two days, that is, sessions of
unrecorded measurements, followed by measurements subsequent calculations of the wall-to-lumen ratio. The
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calcium-free Krebs solution was then exchanged by su- potassium channels with the combination of charybdo-
toxin (107 mol/L) and apamin (5  107 mol/L) both inperfusion with normal Krebs solution to determine the
development of active tone. rat mesenteric and in coronary arteries (data not shown)
as previously reported [21, 34]. Furthermore, high extra-Endothelium-dependent and -independent relaxation.
Artery segments were allowed to equilibrate for one cellular potassium concentration did not influence the
response to SN (N  5, data not shown), thus indicat-hour in regular Krebs solution before being precon-
stricted to 40% to 60% of their resting diameter for sub- ing that the vessel’s capacity to dilate to endothelium-
independent dilators under this condition remained un-sequent relaxation studies. As we noticed that our pre-
defined vasoconstrictor drug (phenylephrine) was not affected.
It should be noted that the way in which the contribu-consistently effective to sufficiently constrict coronary
arteries, coronary artery studies were performed using tion of EDH is determined may be critical because NO
and EDH may not be independent but may interact.serotonin. Unlike phenylephrine, coronary artery seg-
ments showed consistent contractile responses to sero- Recently, both in vitro and vivo studies have shown that
NO may attenuate EDH [35–37]. Thus, EDH may be fullytonin and, for that matter, we additionally established
that relaxatory responses did not differ between arteries active only when NO is inhibited or decreased. Further-
more, NO itself may mediate its vasodilatory effect partlypreconstricted with phenylephrine versus serotonin (data
not shown). Preconstricted vessels were studied for endo- via opening of potassium channels and hyperpolarization
(similar to the mechanism of EDH) [38]. Consequently,thelium-dependent and -independent dilator responses
by giving cumulative doses of acetylcholine (ACh; 109 when high KCl or potassium channel blockers are used
alone (without L-NMMA) to determine the contributionmol/L to 104 mol/L) and sodium nitrite (SN; 3  106
to 3 102 mol/L), respectively, to the recirculating bath. of EDH, the measured effect may be in part influenced
by the inhibitory effect of NO. On the other hand, notInhibition of endothelial dilator pathways. To further
determine the contribution of vasoactive prostaglan- only EDH-mediated relaxation but also a part of the
NO-mediated relaxation may be measured at the samedins, NO, and endothelium-dependent hyperpolariza-
tion (EDH) to endothelium-dependent dilation, the re- time. Therefore, in the current study, we determined the
contribution of EDH always in presence of NO blockade,sponse to ACh was studied in absence and presence of
various inhibitors (inhibitors were added to the bath that is, the effect of high extracellular KCl in presence
of L-NMMA was measured.always 20 minutes prior to addition of ACh). To this
end, indomethacin (105 mol/L) was used to inhibit
Solutions and drugscyclooxygenase derived prostaglandin production. How-
ever, as we subsequently noticed that indomethacin The ionic millimolar composition of Krebs solution
was as follows: 120.4 NaCl, 5.9 KCl, 2.5 CaCl2, 1.2 MgSO4,alone did not affect ACh-induced relaxation in coronary
and mesenteric arteries of neither Wistar, nor MWF or 25.0 NaHCO3, 1.2 NaH2PO4, 11.5 glucose; these chemi-
cals were obtained from Merck, Darmstadt, Germany.SHR (data not shown), all further dose-response experi-
ments to ACh were performed in the continuous pres- Krebs with high extracellular potassium concentration
(KCl 40 mmol/L) was prepared by isotonic substitutionence of indomethacin to rule out any further interaction
of prostaglandins with other mediators. of NaCl by KCl. Acetylcholine, apamin, charybdotoxin,
ethyleneglycol-bis-(-aminoethylether)-N,N,N,N-tetra-N	-monomethyl-l-arginine (L-NMMA, 104 mol/L)
was used to inhibit NO production, and high extracellular acetic acid (EGTA), indomethacin, L-NMMA, phenyl-
ephrine, serotonin and sodium nitrite, were obtained frompotassium concentration (KCl 40 mmol/L) was addition-
ally used to inhibit EDH. The nature of the endothelium- Sigma-Aldrich Chemie B.V., The Netherlands. They were
dissolved in deionized water and diluted with Krebs solu-derived hyperpolarizing factor(s) leading to EDH and
the potassium channels involved are still controversial tion. Stock solution (102 mol/L) for indomethacin was
prepared in 96% ethanol.[25–30], and it was not our objective to identify the nature
of the endothelium-derived hyperpolarizing factor(s) or
Data analysisto specify the potassium channels involved in the present
study. Therefore, a high extracellular potassium concen- Data are expressed as mean  standard error of the
mean (SEM). Statistical differences between Wistar, MWFtration (KCl 40 mmol/L) was employed to inhibit any
form of hyperpolarization as a signaling event in endo- and SHR for animal and vessel characteristics, maximal
relaxation to acetylcholine in % of precontraction (Emax),thelium-dependent ACh-induced vasodilation [20, 31–
33]. For that matter, we also established in preliminary pD2 and AUC values were determined by one-way analy-
sis of variance (ANOVA), followed by Bonferroni’s post-experiments that depolarization with high extracellular
potassium concentration was equally effective in inhib- hoc test. Significance was accepted at P 0.05 (two-tailed).
The concentrations of ACh causing half-maximal re-iting the indomethacin- and L-NMMA–resistant relax-
ation to ACh as was the blockade of calcium-activated sponses (EC50 values) are expressed as negative loga-
Gschwend et al: Coronary dysfunction and albuminuria184
rithm of the molar concentration (pD2 values). The area
under each individual curve (AUC) was determined
(Sigma Plot, Jandell Scientific) and expressed in arbitrary
units. The AUC was used to present the average re-
sponse-size per group [39], and for subsequent analysis of
differences in response-sizes with and without L-NMMA
and KCl to estimate the contribution of NO and EDH
to endothelium-dependent relaxation, respectively.
RESULTS
Rat characteristics
At 24 weeks of age at sacrifice, body weight (g) was
significantly lower both in the group of MWF and SHR
rats (360  5 and 370  5, respectively; P  NS) as
compared to Wistar (489  19; P  0.001 vs. both).
ANOVA further showed significant differences in SBP
and heart weight to body weight ratio (HW/BW) among
the three rat strains, SHR rats exhibiting the highest
values (Fig. 1). A highly significant correlation between
HW/BW ratio and SBP was found (r  0.90, P  0.001).
This is indicative for a hypertrophic response of the heart
to chronic increases in afterload. In contrast, increased
UAE was observed in MWF rats only while SHR rats
showed low excretion values, similar to those obtained
with normotensive Wistar rats (Fig. 1) and other normo-
tensive rat strains studied in our laboratory (data not
shown).
Vessel characteristics
Mesenteric arteries of both hypertensive rat strains
showed significantly decreased lumen diameter compared
to Wistar. The wall-to-lumen ratio was strongly increased
in SHR and slightly increased in MWF (Table 1). This
may be in line with remodeling processes that have been
described in several forms of hypertension [40, 41]. In
coronary arteries, there was a significantly increased lu-
men diameter in both hypertensive rat strains compared
to Wistar as described before in SHR [42, 43]. Wall-to- Fig. 1. Characteristics of Wistar (, N  10), MFW ( , N  10), and
SHR (, N  9). (A) Systolic blood pressure (SBP), (B) heart weightlumen ratio of coronary arteries was only increased in
to body weight ratio (HW/BW), and (C ) urinary albumin excretionSHR, but not in MWF coronary arteries, compared to
(UAE). Data are given as mean  SEM; * and # indicate P  0.05 vs.
Wistar (Table 1). Wistar and MWF, respectively.
After exchanging calcium-free Krebs by normal Krebs
solution spontaneous active tone developed in coronary
arteries, but not in mesenteric arteries. Development
strains (Wistar 51  4%, N  10; MWF 46  3%, N of tone reduced coronary diameter similarly in Wistar,
10; SHR 51  3%, N  9; one-way, P  NS).MWF and SHR by 28  2%, 30  2% and 25  2%,
respectively (one-way, P  NS).
Endothelium-dependent and -independent relaxationBefore the determination of dilator responses the ar-
Maximal ACh-relaxation was markedly decreased interies had to be preconstricted. Serotonin (105 mol/L)
coronary arteries of MWF as compared to Wistar (Fig. 2induced similar precontraction levels in coronary arteries
and Table 2). In mesenteric arteries of MWF, however,of all rat strains (Wistar 51  3%, N  10; MWF 49 
neither Emax nor pD2 for ACh was altered (Fig. 2, Ta-3%, N  10; SHR 47  4%, N  9; one way, P 
ble 2). Together with intact responsiveness to the endo-NS) and phenylephrine (3106 mol/L) induced similar
precontraction levels in mesenteric arteries of all rat thelium-independent vasodilator SN in both artery types
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Table 1. Morphological vessel characteristics
Mesenteric arteries Coronary arteries
Wistar MWF SHR Wistar MWF SHR
(N  10) (N  10) (N  9) (N  9) (N  9) (N  9)
Lumen diameterlm 3545 2987a 2724a,b 26610 3125a 29610a
Wall thickness lm 282 292 452a,b 313 372 443a,b
Wall-to-lumen ratio 0.0810.005 0.0970.004a 0.1640.006a,b 0.1160.008 0.1180.009 0.1520.013a,b
Lumen diameter and wall thickness determined at an intraluminal pressure of 70 mm Hg, expressed in 
m  SEM.
a P  0.05 vs. Wistar
b P  0.05 vs. MWF
to be increased as compared to Wistar. A significant
increase in sensitivity to ACh was observed in mesenteric
arteries of SHR, accompanied by a significant though
very small decrease in Emax (Fig. 2, Table 2). However,
Emax as well as pD2 for the endothelium-independent
vasodilator SN were additionally increased in SHR com-
pared to Wistar, in both artery types (Fig. 3). This sug-
gests that in SHR, the artery smooth muscle per se was
more reactive to dilating substances such as NO. This has
been shown before in SHR [44], and to some extent it
may have masked potential changes at endothelial level.
Mediators of endothelium-dependent relaxation
In all groups, ACh-induced relaxation was far more
sensitive to pre-incubation with L-NMMA in coronary
arteries (Fig. 4 and Table 2) as compared to mesenteric
arteries (Fig. 5 and Table 2). Additional presence of high
KCl further abolished the relaxation to ACh in all cases.
These findings generally indicate the greater importance
of NO in ACh-induced relaxation in coronary arteries
and a major role for EDH in mesenteric arteries. A full
overview of curve-characteristics (pD2, Emax and AUC
values) for ACh-induced relaxations in the absence and
presence of inhibitors of endothelial vasodilator path-
ways is given in Table 2.
Differences in AUC values for ACh-induced relaxation
in the absence and presence of L-NMMA were used as
an estimate for the contribution of NO. Differences in
AUC values for ACh-induced dilation in absence and
presence of high KCl were used as an estimate for EDH.
Figure 6 summarizes the differential contributions of NO
and EDH to ACh-induced relaxation in all rat strains. In
Fig. 2. Concentration-response curves to the endothelium-dependent MWF coronary arteries both NO and EDH contribution
dilator acetylcholine (ACh) in isolated arteries of Wistar (, N  10),
were significantly decreased compared to Wistar rats.MWF (, N  10), and SHR (, N  9). (A) Coronary arteries pre-
constricted with serotonin (*P 0.05 vs. MWF for Emax). (B) Mesenteric The total decrease of ACh relaxation in MWF coronary
arteries preconstricted with phenylephrine (* and # indicate P  0.05 arteries could be attributed to 66% to decreased NOvs. SHR for Emax and pD2, respectively). Data are given as mean  SEM.
and to 34% to decreased EDH. In contrast, NO was in-
tact and EDH profoundly increased in coronary arteries(Fig. 3), this suggests the presence of endothelial dys-
of SHR.function selectively at the level of coronary arteries
In mesenteric arteries NO, and EDH were not alteredbut not mesenteric arteries. In contrast to MWF, ACh-
in MWF as compared to Wistar, whereas EDH was sig-induced relaxation in coronary arteries of SHR was not
attenuated, and if anything the sensitivity to ACh tended nificantly increased in SHR mesenteric arteries.
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Table 2. Curve characteristics of ACh-induced relaxations with and without inhibition of endothelial dilator pathways
Control L-NMMA L-NMMA  KCl
Emax pD2 AUC Emax pD2 AUC Emax AUC
Coronary arteries
Wistar (N  10) 895% 6.20.2 19616 224% 5.50.2 327 1.30.5% 22
MWF (N  10) 553%a 6.30.1 1206a 31%a — 53a 0.30.2% 10.9
SHR (N  9) 892%b 6.60.2 22918b 478%a,b 5.70.2 8322a,b 0.50.2% 0.70.4
Mesenteric arteries
Wistar (N  10) 991% 6.60.1 26110 962% 6.20.2 21011 0.60.3% 0.51
MWF (N  10) 99.60.4% 6.80.1 2818 921% 6.50.1 21512 1.30.3% 32
SHR (N  9) 941%a,b 7.40.1a,b 3098a 941% 6.70.1 2559 1.40.2% 2.90.8
Emax is the maximal relaxation to acetylcholine in % of precontraction. pD2 is the negative logarithm of the molar concentration of agonists causing half maximal
responses (EC50). AUC is the area under the dose-response curve expressed in arbitrary units.
a P  0.05 vs. Wistar
b P  0.05 vs. MWF
DISCUSSION
Increased UAE is associated with a greater incidence
of coronary artery disease [1] independent of other tradi-
tional cardiovascular risk factors and has been proposed
to be related to a general endothelial disorder. Hence,
endothelial dysfunction, especially a defective produc-
tion or biological activity of one or more vasoactive sub-
stances produced by the healthy endothelium leading to
impaired endothelium-dependent relaxation, might play
an important role in the pathophysiology of accelerated
coronary sclerosis [45]. It appears of significant interest
to address alterations in endothelial function and under-
lying mechanisms under conditions of albuminuria.
The present study investigated endothelial function
in the MWF rat model of spontaneous albuminuria. We
found that endothelium-dependent relaxation was strongly
impaired in coronary arteries, due to attenuated produc-
tion or activity of NO and EDH. In contrast, endothe-
lium-dependent relaxation was intact in mesenteric arter-
ies, suggesting that endothelial vasodilator dysfunction
under conditions of increased albuminuria in MWF may
not be a generalized phenomenon.
MWF rats as an experimental model of
spontaneous albuminuria
As human conditions to study localized alterations in
endothelial function and underlying changes under con-
ditions of increased albuminuria are restricted, we ex-
plored the MWF rat strain as a potentially interest-
ing experimental model. Male MWF rats develop spon-
taneous albuminuria at the age of 6 weeks (data not
shown). This is probably due to glomerular membrane
permeability changes—independent of increased blood
pressure levels, as it appears [14]—although the patho-
physiology leading to increased UAE, progressive glo-
merulosclerosis and increased blood pressure in this
model are still under debate [8–12]. Nevertheless, theFig. 3. Concentration-response curves to the endothelium-indepen-
dent dilator sodium nitrite (SN) in isolated arteries of Wistar (, N  fact that albuminuria develops spontaneously in this
10), MWF (, N  10), and SHR (, N  9). (A) Coronary arteries strain may have important advantages over other experi-
preconstricted with serotonin and (B) mesenteric arteries preconstricted
mental models of induced albuminuria as it is free ofwith phenylephrine. Data are given as mean  SEM; * and # indicate
P  0.05 vs. SHR for Emax and pD2 respectively. potential side-effects of disease induction.
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Fig. 5. Effect of NO-blockade and additional prevention of endothe-
lium-derived hyperpolarization (EDH) on acetylcholine (ACh)-induced
relaxation in isolated mesenteric arteries of Wistar (A, N  10), MWF
Fig. 4. Effect of NO-blockade and additional prevention of endothe- (B, N  10), and SHR (C, N  9) rats. Responses were obtained in
lium-derived hyperpolarization (EDH) on acetylcholine (ACh)-induced the continuous presence of 105 mol/L indomethacin (Control, ),
relaxation in isolated coronary arteries of Wistar (A, N  10), MWF either with or without additional presence of 104 mol/L L-NMMA
(B, N  10), and SHR (C, N  9) rats. Responses were obtained in only (), or 104 mol/L L-NMMA combined with 40 mmol/L KCl ().
the continuous presence of 105 mol/L indomethacin (Control, ), Data are given as mean  SEM; * and # indicate P  0.05 vs. control
either with or without additional presence of 104 mol/L L-NMMA for Emax and pD2, respectively.
only (), or 104 mol/L L-NMMA combined with 40 mmol/L KCl ().
Data are given as mean  SEM; * and # indicate P  0.05 vs. control
for Emax and pD2, respectively.
motor control in coronary arteries, but not in mesenteric
arteries. Therefore, our present findings do not support
the hypothesis that increased UAE may be related to a
Generalized vs. localized endothelial dysfunction in generalized, systemic endothelial dysfunction (at least
MWF rats with increased albuminuria not with respect to endothelial function in vasomotor
Compared with Wistar control rats, MWF rats exhib- control) [3, 4]. It is well recognized, however, that the
endothelium is also involved in many other processes,ited significant signs of endothelial dysfunction in vaso-
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Fig. 6. Overview of NO and EDH contribu-
tion to acetylcholine (ACh)-induced relax-
ation in (A) coronary arteries and (B) mesen-
teric arteries of Wistar (, N  10), MWF
( , N  10) and SHR (, N  9) rats. The
area under the concentration response curve
(AUC, arbitrary units) to ACh was used to
represent total response-size. NO and EDH
contribution were then calculated as those
parts of the response to ACh that were sensi-
tive to inhibition with 104 mol/L L-NMMA
and 40 mmol/L KCl, respectively (Methods
section). Data are given as mean SEM; *P
0.05 vs. Wistar, and #P  0.05 vs. MWF.
including regulation of vascular permeability [46, 47]. It of vasodilator substances released after the higher doses
has been hypothesized that albuminuria may be char- of ACh seems to be overcome by that of substances
acterized not only by a glomerular leakage but also by counteracting vasodilation. In this respect, vasoconstric-
a generalized endothelial leakage leading to accumula- tive prostaglandins appear to be important candidates; they
tion of albumin in the vessel wall [4, 48]. Direct toxic ef- have been reported to underlie impaired ACh-induced
fects of albumin together with cytokine-mediated mecha- relaxation and endothelial dysfunction in various patho-
nisms similar to those found in the glomerular matrix physiological conditions [51, 52]. Yet, the lack of effect
may then cause further deterioration of endothelial func- of indomethacin on ACh-induced relaxation in the pres-
tion [49]. On the other hand, direct evidence for such a ent study rule out such a role. Instead, our results with
functional explanation is lacking and the concept of a L-NMMA (to inhibit NO synthesis) and high KCl (to
generalized endothelial leakage for albumin recently has
inhibit EDH) suggest that coronary endothelial dysfunc-been questioned [50]. Further studies are needed to test
tion in MWF involves attenuated production or activitywhether our findings on endothelial function in vasomo-
of NO and EDH after stimulation with ACh. Althoughtor control also apply for endothelial control in vascular
altered endothelial cell receptor-coupling mechanismspermeability.
may not be ruled out, the intact response to the endothe-
Mediators underlying coronary endothelial lium-independent vasodilator SN further underlines that
dysfunction in MWF the impaired response to ACh did not result from some
defect of underlying vascular smooth muscle cells.When considering the shape of the attenuated ACh
relaxation curve in coronary arteries of MWF, the effect Our present results in Wistar also confirm that ACh-
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induced relaxation in mesenteric arteries seems to be used in our study, MWF and SHR, have a similar onset
of blood pressure increase and that age-matched SHRrelatively independent of NO as L-NMMA treatment
reduced ACh-induced relaxation only modestly, thereby developed even higher blood pressure levels [14, 22]
compared to MWF. But unlike the MWF, SHR showedfurther identifying EDH as the main mediator of ACh-
induced relaxation in mesenteric arteries of these strains no deterioration in coronary endothelium-dependent re-
laxation (and no increased UAE) at the studied age.(at least under conditions of NO inhibition). In coro-
nary arteries, however, ACh-induced relaxation seems Our findings in SHR are in agreement with the results
of Tschudi et al [58] and Bund [59], who reported com-to be strongly dependent on NO as L-NMMA treatment
markedly reduced ACh-induced relaxation. Interestingly, parable ACh relaxation in coronary arteries of SHR
as compared to Wistar at the age of 15 and 20 weeks,endothelial dysfunction in MWF was present only in
coronary arteries, that is, those arteries in which ACh respectively. In line with Bund [59], our present results
further suggest that the balance of endothelial mediatorsrelaxation seems to be largely NO-dependent. However,
NO is not only involved in mediating vasodilation, but underlying ACh-induced relaxation in SHR may be al-
tered as compared to Wistar. That is, contribution ofalso in several other antithrombogenic processes thereby
preventing atherosclerosis [53]. Furthermore, local NO EDH in coronary arteries as well as mesenteric arteries
was significantly larger in SHR as compared to Wistarproduction may play an important role in restricting cap-
illary as well as glomerular permeability, thereby pre- at the studied age. The role of EDH in cardiovascular
disease is not very well understood; both impairmentventing albuminuria [46, 54]. Therefore, it is tempting
to speculate that in MWF, defects in the vascular NO and up-regulation of EDH have been described in hyper-
tension and in several other models of cardiovascularsystem may link increased albuminuria and impaired
(NO-dependent) coronary ACh relaxation, while leav- diseases [60–62]. One of the hypotheses is that EDH
may be of importance to compensate for impaired endo-ing (NO-independent) relaxation in mesenteric arter-
ies intact. However, the results of the present study do thelium-dependent relaxation under pathophysiological
states that are often associated with decreased NO [35,not allow direct conclusions regarding cause-effect rela-
tions between increased UAE and coronary endothelial 63–65]. Further investigation on whether NO-dependent
dysfunction. artery types (such as rat coronary arteries) may be more
Furthermore, apart from alterations in vasodilative susceptible to pathophysiological stimuli (such as in-
mediators, vasoconstrictive factors derived from the en- creased UAE) than artery types, which are largely NO-
dothelium, such as endothelin-1 or reactive oxygen spe- independent (for example, rat mesenteric arteries) may
cies, also contribute to coronary endothelial dysfunction prove worthwhile.
in several diseases [16, 55–56], and their role needs to In the current study we have characterized MWF rats
be further investigated in the MWF strain. as a model of increased UAE with selective impairment
of coronary endothelial function. Coronary endothe-
Endothelial function in SHR without lium-dependent relaxation in MWF was found to be
increased albuminuria strongly impaired due to defects in production, activity or
Our studies on endothelial dysfunction under condi- release of NO and EDH. At the same time endothelium-
tions of increased albuminuria were obtained during con- dependent relaxation was intact in mesenteric arteries,
comittant increased blood pressure in MWF. In contrast suggesting that increased UAE was not related to a gen-
to MWF, SHR show increased blood pressure without eralized decrease in endothelial control over vascular
albuminuria at the studied age. Investigating these SHR, tone. Selective impairment of coronary endothelial dys-
we found coronary endothelium-dependent relaxation function in a setting of spontaneous albuminuria may be
to be fully intact compared to Wistar animals. Reports a feature of the MWF that may be employed to further
about endothelial function in SHR seem inconsistent. study cause-effect relations between albuminuria and
A considerable number of reports describe decreased coronary artery disease.
relaxations in SHR [42, 52, 57], but also unaltered [58, 59]
or even increased relaxations [44] in SHR compared to ACKNOWLEDGMENTS
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